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Short range nucleon-nucleon correlations in nuclei (NN SRC) carry important information on
nuclear structure and dynamics. NN SRC have been extensively probed through two-nucleon knock-
out reactions in both pion and electron scattering experiments. We report here on the detection
of two-nucleon knock-out events from neutrino interactions and discuss their topological features
as possibly involving NN SRC content in the target argon nuclei. The ArgoNeuT detector in the
Main Injector neutrino beam at Fermilab has recorded a sample of 30 fully reconstructed charged
current events where the leading muon is accompanied by a pair of protons at the interaction
vertex, 19 of which have both protons above the Fermi momentum of the Ar nucleus. Out of these
19 events, four are found with the two protons in a strictly back-to-back high momenta configuration
directly observed in the final state and can be associated to nucleon Resonance pionless mechanisms
involving a pre-existing short range correlated np pair in the nucleus. Another fraction (four events)
of the remaining 15 events have a reconstructed back-to-back configuration of a np pair in the initial
state, a signature compatible with one-body Quasi Elastic interaction on a neutron in a SRC pair.
The detection of these two subsamples of the collected (µ− + 2p) events suggests that mechanisms
directly involving nucleon-nucleon SRC pairs in the nucleus are active and can be efficiently explored
in neutrino-argon interactions with the LAr TPC technology.
PACS numbers: 13.15.+g, 25.30.Pt, 25.10.+s
Introduction - The systematic study of the impact of
nuclear effects on the determination of neutrino cross sec-
tions in the “few-GeV region” and on neutrino oscillation
parameters, has developed into a very active field of the-
oretical and experimental research over the last decade
[1]. Effects of long-range two-nucleon processes in the
nuclear target are widely recognized as a source of appar-
ent cross section enhancement in the neutrino Charged
Current Quasi-Elastic (CC QE) response [2], sufficient
to provide a possible solution to the excess of neutrino
event rate in the energy range around ∼1 GeV observed
by MiniBooNE [3]. Since emitted nucleons in Cherenkov
detectors are typically below detection threshold, the so-
called CCQE-like sample can in fact find contributions
from both single nucleon knock-out events from a genuine
CC QE reaction and from two-nucleon emission events
produced for example by two-body meson-exchange cur-
rents (MEC).
∗ Corresponding author: ornella.palamara@yale.edu
However, different nuclear processes other than those
involving two-nucleon currents can also lead to two-
nucleon ejection: initial state short-range nucleon-
nucleon correlations (NN SRC) and final state interac-
tions (FSI). The realization of consistent models includ-
ing all these nuclear effect is now being actively pursued
(e.g. see [4–12] and references therein) as well as their
implementation in MonteCarlo generators (MC). Direct
experimental investigations on the nature of nuclear ef-
fects and their impact on the predicted rates, final states,
and kinematics of neutrino QE interactions are even more
compelling. The availability of new experimental tech-
niques such as the Liquid Argon Time Projection Cham-
ber (LArTPC), with its full 3D imaging, precise calori-
metric energy reconstruction and efficient particle iden-
tification, is opening new perspectives for detailed recon-
struction of final state event topologies from neutrino-
nucleus interactions. A different approach and method-
ology in neutrino data analysis with LArTPCs is now
being developed, based on the topological categorization
of event samples collected by the ArgoNeuT experiment
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2(Argon Neutrino Test) in the “few-GeV” energy range
- a region of particular interest to future long-baseline
neutrino oscillation experiments.
In this Letter we present and briefly discuss the observa-
tion of a sample of events detected in ArgoNeuT during
the exposure to the NuMI LE (Neutrinos at the Main
Injector, Low Energy option) beam at Fermi National
Accelerator Laboratory (FNAL). The specific final state
topology which we have focused on is a pair of energetic
protons at the interaction vertex accompanying the lead-
ing muon. This topology may provide hints for NN SRC
in the target nucleus when the protons of the pair appear
with high-momentum (exceeding the Fermi momentum)
and in strong angular correlation. In particular, in anal-
ogy with findings from electron- and hadron-scattering
experiments, a neutrino CC QE interaction on a neutron
in a SRC pair is expected to produce back-to-back pro-
tons in the CM frame of the interaction, whereas a CC
pionless resonance reactions (CC RES) involving a SRC
pair may produce back-to-back protons in the Lab frame.
The ArgoNeuT experiment - The ArgoNeuT detector
[13] is a 47× 40× 90 cm3 active volume LArTPC (∼ 240
kg of LAr) with the longer dimension along the beam
direction. ArgoNeuT collected several thousands of νµ
and ν¯µ charged current interactions during an extended
run in 2009-10 at FNAL. In particular, neutrino events
were acquired from both configurations of the NuMI LE
beam, namely from a ∼ 2 week run (8.5×1018 proton
on target, POT) in ν-beam mode and a ∼ 5 month run
(1.25×1020 POT) in anti-ν-beam mode where neutrinos
are a significant component of the flux. Average ν en-
ergy in ν-beam mode is 〈Eν〉 ' 4 GeV, while in anti-ν-
beam mode neutrinos are at higher energies, 〈Eν〉 ' 10
GeV. The beam is along the zˆ axis of our Lab refer-
ence frame and the drift direction of the TPC is along
the horizontal xˆ axis. The read-out configuration of the
two instrumented wire-planes and the individual wire sig-
nal recording allow for the 3D imaging of the ionization
tracks in the LArTPC volume as well as the calorimet-
ric reconstruction of the energy deposited by individual
charged particles along their ionization trail. Tracks are
reconstructed in 3D by combining associated 2D clus-
ters that are identified in both views of the TPC, having
the drift coordinate in common. The energy loss along
the track is estimated in steps, and the total energy de-
posited along the track is obtained by summing over the
steps. For particles slowing down and stopping inside
the LArTPC active volume (contained tracks), the en-
ergy loss as a function of distance from the end of the
track is used as a powerful method for particle identifica-
tion. For non-contained muons escaping in the forward
direction, the MINOS Near Detector, a 0.98 kton magne-
tized steel-scintillator calorimeter (MINOS-ND) [14] lo-
cated just downstream from ArgoNeuT, provides charge
sign and momentum reconstruction. Track matching be-
tween ArgoNeuT and MINOS-ND is based on a common
timestamp from the accelerator complex and track align-
ment requirements [13].
Event reconstruction - Taking advantage of the recon-
struction capabilities of LArTPCs, individual events are
categorized in terms of exclusive topologies observed in
the final state and used to explore the evidence of nuclear
effects in neutrino-argon interactions.
Muon neutrino CC events are inclusively selected by re-
quiring a negatively charged muon in MINOS-ND match-
ing a track originating from an interacting vertex in the
ArgoNeuT detector. From this sample, the main class
of pionless exclusive CC topologies (µ−+Np), usually la-
belled as “CC 0-pion”, is then extracted [15]. In this class
of events the leading muon can be accompanied by any
number (N=0, 1, 2, 3, ≥ 4) of protons in final state. The
reconstruction of the individual proton kinematics (ki-
netic energy and 3-momentum) is determined with good
angular resolution and down to a low proton kinetic en-
ergy threshold of 21 MeV. Details of the reconstruction
procedure can be found in [13]. In principle, neutrons
can also be emitted in these events, however ArgoNeuT
has a very limited capability to detect neutrons emerging
from the interaction vertex. This is because the detec-
tor size is too small to have significant chances to allow
neutrons to convert into visible protons in the LArTPC
volume before escaping.
In this Letter we search for possible hints of nucleon-
nucleon correlations in the ArgoNeuT data, by specifi-
cally looking for exclusive νµ CC 0-pion events with N=2
protons in the final state, i.e. the (µ−+ 2p) triple coinci-
dence topology. This data sample amounts to 30 events
in total – 19 collected from anti-ν-beam mode and 11
in ν-beam mode. Both proton tracks are required to be
fully contained inside the fiducial volume of the TPC and
above the energy threshold [we note that events where
one of the two protons is below threshold fall in the
(µ−+ 1p) sample]. From detector simulation, the overall
acceptance for the (µ− + 2p) sample is estimated to be
around 35%, dominated by the requirement of contain-
ment in the fiducial volume. According to a GENIE [18]
MC simulation, in either beam modes about 40% of the
(µ−+2p) events are due to CC QE interactions and about
40% to CC RES pionless interactions. For the anti-ν-
beam mode (ν-beam mode) run the efficiency corrected
(µ−+2p)
(µ−+Np) event ratio is 21% (26%) and the
(µ−+2p)
CC−inclusive
ratio is 2% (4%).
The νµ CC reaction leading to the observation of
the (µ− + 2p) event sample undergoes the general 4-
momentum conservation law:
kν + P
i
A = kµ + pp1 + pp2 + P
f
X (1)
where kν and kµ refer to the initial neutrino and final
muon 4-momenta, pp1 and pp2 refer to the two protons
in the final state. P fX refers to the recoiling nuclear sys-
tem X and P iA to the target Ar nucleus. If we assume
the two ejected protons originate from an initial state
correlated pair, the initial pair configuration is neutron-
proton np, as required by charge conservation in the CC
reaction, and P iA = P
i
A−2 + P
i
np.
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FIG. 1. Momentum, pp1, of the most energetic proton in the
pair vs. momentum, pp2, of the other (least energetic) proton
for the 30 events in the (µ−+2p) sample. The Fermi momen-
tum in argon (line) and the momentum corresponding to the
detection threshold in ArgoNeuT (dashed) are also indicated.
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FIG. 2. Cosine of the angle γ between the two protons (Lab
frame) vs. the momentum of the least energetic proton in the
pair for the 30 events in the (µ− + 2p) sample. In the inset is
the distribution of cos(γ).
Experimentally measurable observables are the 3-
momentum of the muon, determined from the matched
track in ArgoNeuT and MINOS-ND, the sign of the muon
provided by MINOS-ND, and the energy and direction of
propagation of the two protons measured by ArgoNeuT.
The target nucleus (A=Ar) is at rest in the Lab and the
CM of the correlated np pair is assumed to be (nearly)
at rest in it. The nuclear system X in final state, an
excited (A-2)∗ bound state or any other unbound state,
is undetected and we take its momentum components
equal to the momentum components of the missing 4-
momentum vector Pmiss. The direction of the incident
neutrino is along the zˆ axis, therefore the missing trans-
verse momentum (in the xˆ, yˆ plane) is directly measur-
able as PTmiss = −(kTµ + pTp1 + pTp2) from Eq.(1). This
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FIG. 3. Missing transverse momentum distribution for the 30
events in the (µ− + 2p) sample.
corresponds to the transverse momentum of the residual
nuclear system PTA−2. The missing energy component
Emiss is here defined as the energy expended to remove
the nucleon pair from the nucleus.
The final state proton momenta determined from the en-
ergy measurement of fully contained tracks are reported
in Fig.1, with the scatter plot of the higher vs the lower
momentum of the pp pair in the (µ−+ 2p) sample. Most
of the events (19 out of 30) have both protons above the
Fermi momentum of the Ar nucleus (kF '250 MeV [19],
solid lines in Fig.1 - we take here an average value for the
proton and the neutron Fermi momentum).
The angle in space γ between the two detected proton
tracks at the interaction vertex is directly measured in
the Lab reference frame. The scatter plot of Fig. 2 shows
the cosine of the γ angle vs. the momentum of the least
energetic proton in the pair. The cos(γ) distribution is
also reported (inset of Fig. 2). It is interesting to note
that four of the nineteen 2p-events above the Fermi mo-
mentum are found with the pair in a back-to-back con-
figuration (cos(γ)<-0.95).
The missing transverse momentum measured from the
unbalanced momentum of the triple coincidence (µ−+2p)
in the plane transverse to the incident neutrino direc-
tion is shown in Fig. 3. The tail at very high PTmiss can
be explained as due to events with undetected energetic
neutron(s) emission.
The incident energy is not confined to a single value
but distributed in a broad ν-beam energy spectrum.
From energy conservation in Eq.(1), the incident neu-
trino energy for the (µ− + 2p) events is given by Eν =
(Eµ + Tp1 + Tp2 + TA−2 + Emiss). An estimate can be
inferred from the final state particles (muon and two pro-
tons) measured kinematics. The last two terms are small
corrections: the residual nuclear system is undetectable,
however a lower bound for its recoil kinetic energy can
be calculated using the measured transverse missing mo-
mentum as TA−2 ≈ (PTmiss)2/2MA−2. The missing energy
includes two terms, namely the two nucleon separation
4energy for argon [16] and the actual excitation level of
the residual nucleus. We set its total value to a constant
Emiss=30 MeV. This is an approximation of the average
energy to remove a np pair from a Ar nucleus extrapo-
lated from single nucleon removal energy spectra for Ar
nuclei [17].
From the reconstructed neutrino energy and the mea-
sured muon kinematics, the components of the 4-
momentum transfer (ω,~q) can eventually be inferred.
The muon momentum resolution is 5-10% [13]. The pro-
ton angular resolution (1-1.5◦, depending on the track
length) and the proton energy resolution (about 6% for
protons above the Fermi momentum) are estimated by
MC simulation. The overall resolution in our neutrino
energy and transfer momentum reconstruction is dom-
inated by muon momentum resolution, as in CC inter-
actions the muon takes the largest fraction on the in-
cident neutrino energy. Discussion - Nucleon-nucleon
correlations are essential components of modern poten-
tials describing the mutual interaction of nucleons in nu-
clei. The strong, repulsive short-range correlations (NN
SRC) cause the nucleons to be promoted to states above
the Fermi level in the high-momentum tail of the nucleon
momentum distribution [20]. Thus, SRC cause nucleons
to form pairs with large relative momentum and small
center-of-mass momentum, i.e. pairs of nucleons with
large, back-to-back momenta. Due to NN tensor correla-
tions, SRC pairs are dominantly in iso-singlet (deuteron
like) state (np)I=0 [21].
Two-nucleon knock-out from high energy scattering pro-
cesses is the most appropriate venue to probe NN correla-
tions in nuclei. Two nucleons can be naturally emitted by
two-body mechanisms [4]: MEC - two steps interactions
probing two nucleons correlated by meson exchange cur-
rents, and “Isobar Currents” (IC) - intermediate state
∆, N∗ excitation of a nucleon in a pair with the pion
from resonance decay reabsorbed by the other nucleon.
It should be noted that the NN pairs in these two-body
processes may or may not be SRC pairs.
One-body interactions can also lead to two-nucleon ejec-
tion. This happens when the struck nucleon is in a SRC
pair and the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as
well [12].
It should also be noted that in both cases final state
interactions (FSI) - momenta or charge exchange and in-
elastic reactions - between the outgoing nucleons and the
residual nucleus [10] may alter the picture.
Hadron scattering experiments were extensively per-
formed to probe NN SRC in nuclei. In pion-nucleus ex-
periments in the intermediate energy range (incident en-
ergy fixed in the ∆-resonance range, 100-500 MeV) the
cross section is high and the main contribution is from ab-
sorption processes. Pion absorption is highly suppressed
on a single nucleon in the nucleus. Thus, absorption re-
quires at least a two-nucleon interaction. The simplest
and most frequent absorption mechanism (for A≥12) is
on np pairs (“quasi-deuteron absorption (QDA)”: e.g.
FIG. 4. 2D views of one of the four “hammer events”,
with a forward going muon and a back-to-back proton pair
(pp1 = 552 MeV/c, pp2 = 500 MeV/c). Transformations
from the TPC wire-planes coordinates (w,t “Collection plane”
[Top], v,t “Induction plane” [Bottom]) into Lab coordinates
are given in [13].
pi+ + (np) → pp). Most of the pion energy is carried
away by the ejected nucleons (whose separation energy
contributes to the missing energy budget) and part of
the momentum can be transferred to the recoil nucleus
(missing momentum). Observation, e.g. from bubble-
chamber experiments, of pairs of energetic protons with
3-momentum pp1,pp2 ≥ kF detected at large opening an-
gles in the Lab frame (cosγ ≤ −0.9) suggested first hints
for SRC in the target nucleus [22].
Electron scattering experiments extensively studied
SRC. Experiments of last generation probe SRC by triple
coincidence - A(e, e′np or pp)A-2 reaction - where the
two knock-out nucleons are detected at fixed angles. The
SRC pair is typically assumed to be at rest prior to the
scattering and the kinematics reconstruction utilizes pre-
defined 4-momentum transfer components determined
from the fixed beam energy and the electron scattering
angle and energy. NN SRC are associated with finding
a pair of high-momentum nucleons, whose reconstructed
initial momenta are back-to-back and exceed the charac-
teristic Fermi momentum of the parent nucleus, while the
residual nucleus is assumed to be left in a highly excited
state after the interaction [23]. Recent results from JLab
(on 12C) indicate that ≥20% of the nucleons (for A≥12)
act in correlated pairs. 90% of such pairs are in the form
of high momentum iso-singlet (np)I=0 SRC pairs; 5% are
in the form of SRC pp pairs; and, by isospin symmetry,
it is inferred that the remaining 5% are in the form of
SRC nn pairs [24].
Neutrino scattering experiments, to our knowledge,
have never attempted to directly explore SRC through
detection of two nucleon knock-out. The main limita-
tion compared to electron scattering comes from the in-
trinsic uncertainty on the 4-momentum transfer. This
originates from the a priori undetermined incident neu-
5FIG. 5. Pictorial diagrams of examples of two-proton knock-
out CC reactions involving np SRC pairs. Short range cor-
related (green symbol) nucleons in the target nucleus are de-
noted by open-full dots (n-p), wide solid lines (purple) repre-
sent RES nucleonic states, (purple) lines indicate pions.
trino energy. On the other hand, neutrinos can effectively
probe the nucleus for its SRC content through both one-
body and two-body CC reactions on np SRC pairs and,
with the advent of LArTPC detectors, two-proton knock-
out topologies can be identified unambiguously. The two
protons can indeed be detected at any emission angle in
the 4pi sensitive LAr volume and down to energies be-
low the Fermi level (detection threshold in ArgoNeut is
T thrp = 21 MeV, i.e. about 200 MeV/c momentum, less
than kF of Ar).
To elucidate the role of SRC, we consider here the fol-
lowing neutrino CC interactions leading to two-proton
knock-out:
- CC RES pionless mechanisms involving a pre-existing
SRC np pair in the nucleus. For example, (i) via nucleon
RES excitation and subsequent two-body absorption of
the decay pi+ by a SRC pair (Fig.5 [Left]), or (ii) from
RES formation inside a SRC pair (hit nucleon in the pair)
and de-excitation through multi-body collision within the
A-2 nuclear system (Fig.5 [Center]). Initial state SRC
pairs are commonly assumed to be nearly at rest, i.e.
~p ip ' −~p in . The detection of back-to-back pp pairs in the
Lab frame can be seen as “snapshots” of the initial pair
configuration in the case of RES processes with no or low
momentum transfer to the pair. As noticed, four events
in our (µ−+2p) sample are found with the proton pair in
a back-to-back configuration in the Lab frame (cos(γ)<-
0.95, Fig.2). Visually the signature of these events gives
the appearance of a hammer, with the muon forming the
handle and the back-to-back protons forming the head.
As an example, the 2D views from the two wire planes
of the LArTPC for one of these “hammer” events is re-
ported in Fig. 4. In all four events, both protons in the
pair have momentum significantly above the Fermi mo-
mentum, with one almost exactly balanced by the other,
i.e. ~pp1 ' −~pp2. All events show a rather large miss-
ing transverse momentum, PTmiss & 300 MeV/c. These
features look compatible with the hypothesis of CC RES
pionless reactions involving pre-existing SRC np pairs.
- CC QE one-body neutrino reactions, through vir-
tual charged weak boson exchange on the neutron of a
SRC np pair (Fig.5 [Right]). The high relative momen-
tum will cause the correlated proton to recoil and be
ejected. Within impulse approximation, identification of
the struck neutron requires a large momentum transfer
such that the momentum of the proton emitted in this
type of event is much larger than the momentum of the
spectator proton in the pair, i.e.:
~pp1 = ~p
i
n + ~q kF ; ~pp2 = ~p ip > kF (2)
with both protons exceeding the Fermi momentum, the
struck nucleon p1 being the higher in momentum and the
lower p2 identified as the recoil spectator nucleon from
within the SRC. As mentioned above, momentum trans-
fer in neutrino events is a reconstructed quantity, less
precisely determined than in electron scattering experi-
ments. However, with an approach similar to the electron
scattering triple coincidence analysis, we determine the
initial momentum of the struck neutron from the [Left]
equation in (2), i.e. by transfer momentum vector sub-
traction to the higher proton momentum (~p in = ~pp1−~q).
This procedure is applied to the remaining sub-sample
of fifteen ArgoNeuT events (µ− + 2p) with both pro-
tons above Fermi momentum, after excluding the four
hammer events already ascribed to other types of reac-
tions. In most cases the reconstructed initial momentum
is found above kF and with cos(γ
i) < 0 (opening an-
gle γi between the reconstructed struck neutron and the
recoil proton in the initial pair), i.e. opposite to the di-
rection of the recoil proton. In particular, a fraction of
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FIG. 6. Cosine of the reconstructed opening angle γi of the
initial state vs. cosine of the observed opening Lab angle γ
of the final state proton pairs (both protons with momen-
tum above kF ). In the inset, the cos(γ
i) distribution of the
reconstructed initial pair opening angle.
the events exhibit a strong angular correlation peaking
at large, back-to-back initial momenta, as shown in the
inset of Fig.6. The bin size includes the effect of the
uncertainty in the transfer momentum reconstruction on
the measurement of cos(γi). The measured transverse
component of the missing momentum in these events is
typically small (. 250 MeV/c). Under the above as-
sumptions and within the limits of our reconstruction,
these events appear compatible as originating from SRC
pairs through CC QE reactions.
6The scatter plot of the cosine of the opening angle γi in
the reconstructed initial np pair in the nucleus against
the cosine of the opening angle γ of the pp pair in the
final state observed in the detector is shown in Fig.6.
Four of the events mentioned above are those horizon-
tally aligned in the lowest cos(γi) ≤ −0.9 bin, rather
separated from the others. There is no immediate inter-
pretation for the apparent correlation of the remaining
11 events in the plot. Two-step processes such as MEC
or IC involving NN long-range correlated pair in the nu-
cleus [4] are obviously active in two-proton knock-out
production. Other mechanisms like interference between
the amplitudes involving one- and two-nucleon currents,
subject to current theoretical modeling [12], can also po-
tentially contribute. In all cases, protons can undergo
FSI inside the residual nuclear system before emerging
and propagating in the LAr active detector volume. In
general, however, the emission of energetic, angular cor-
related proton pairs from FSI appears disfavored.
In conclusion, a fraction (four of the thirty events) of
the (µ−+ 2p) sample detected with ArgoNeuT are found
with the two protons in a strictly back-to-back high mo-
menta (hammer) configuration in the final state. An-
other equivalent fraction is found compatible with a re-
constructed back-to-back configuration of a np pair in the
initial state inside the nucleus. The event statistics from
ArgoNeuT is very limited and cannot provide definitive
conclusions. However, these events suggest that different
mechanisms directly involving NN SRC pairs in the nu-
cleus are active, and can be probed efficiently with the
LAr TPC technology. The inclusion of a realistic and
exhaustive treatment of SRC in the one- and two-body
component of the nuclear current is a great challenge in
current theoretical modeling and subsequent MC imple-
mentation. More accurate and detailed MonteCarlo neu-
trino generators are deemed necessary for comparisons
with LAr data. Future larger mass and high statistics
LAr-TPC detectors have the opportunity to clarify the
issue. We hope the ArgoNeuT data will encourage more
studies in this area.
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